\[Correction added on 13 February 2020, after first online publication. In the original publication parts of Figures 1‐4 were accidentally cropped. This has been corrected in the present version.\]

Introduction {#pbi13342-sec-0001}
============

Increasing consumption of fossil energy and growing concerns about environmental issues has focused the attention of the researchers on engineering photosynthetic organisms that could directly convert CO~2~ to commodity chemicals. To replace petroleum‐based chemicals, tremendous efforts have been put in the production of photosynthetic short‐chain alcohols: ethanol (Deng and Coleman, [1999](#pbi13342-bib-0006){ref-type="ref"}; Gao *et al.*, [2012](#pbi13342-bib-0007){ref-type="ref"}), isopropanol (Hirokawa *et al.*, [2019](#pbi13342-bib-0010){ref-type="ref"}; Kusakabe *et al.*, [2013](#pbi13342-bib-0013){ref-type="ref"}), isobutanol (Atsumi *et al.*, [2009](#pbi13342-bib-0001){ref-type="ref"}) and n‐butanol (Lan and Liao, [2012](#pbi13342-bib-0014){ref-type="ref"}; Lan *et al.*, [2013](#pbi13342-bib-0015){ref-type="ref"}; Liu *et al.*, [2019](#pbi13342-bib-0017){ref-type="ref"}), bulk chemicals: acetone (Chwa *et al.*, [2016](#pbi13342-bib-0005){ref-type="ref"}; Zhou *et al.*, [2012](#pbi13342-bib-0031){ref-type="ref"}), ethylene (Ungerer *et al.*, [2012](#pbi13342-bib-0026){ref-type="ref"}; Xiong *et al.*, [2015](#pbi13342-bib-0029){ref-type="ref"}), 2‐methyl‐1‐butanol (Shen and Liao, [2012](#pbi13342-bib-0023){ref-type="ref"}) and 2,3‐butanediol (Oliver *et al.*, [2013](#pbi13342-bib-0020){ref-type="ref"}), and isoprenoids: isoprene (Gao *et al.*, [2016](#pbi13342-bib-0008){ref-type="ref"}; Lindberg *et al.*, [2010](#pbi13342-bib-0016){ref-type="ref"}) and squalene (Choi *et al.*, [2016](#pbi13342-bib-0004){ref-type="ref"}), by manipulating metabolic pathways and introducing synthetic pathways in engineered cyanobacteria (Woo, [2017](#pbi13342-bib-0027){ref-type="ref"}).

Acetyl‐CoA is a key central metabolite in the cell metabolism. Importantly, from a biotechnological perspective, acetyl‐CoA is also a precursor for various value‐added chemicals such as alcohols, solvents, fatty acids and isoprenoids. To achieve the acetyl‐CoA‐derived biochemical productions in cyanobacteria, the synthetic phosphoketolase pathway has been rewired to the central metabolism, and subsequent modular engineering has been successfully applied to increase the acetyl‐CoA pool (Chwa *et al.*, [2016](#pbi13342-bib-0005){ref-type="ref"}; Liu *et al.*, [2019](#pbi13342-bib-0017){ref-type="ref"}). In addition, heterologous expression of oxygen‐tolerant aldehyde dehydrogenase has substantially increased the acetyl‐CoA pools for n‐butanol production (Lan *et al.*, [2013](#pbi13342-bib-0015){ref-type="ref"}). Intracellular acetyl‐CoA is produced through oxidative decarboxylation of pyruvate, which is mediated by a tightly regulated pyruvate dehydrogenase complex (PDC) or an anaerobic pyruvate formate lyase pathway. PDCs are composed of multi‐components for three catalytic enzymes, namely pyruvate dehydrogenase, dihydrolipoamide acetyltransferase and dihydrolipoamide dehydrogenase (Patel *et al.*, [2014](#pbi13342-bib-0021){ref-type="ref"}). However, the function of PDCs is tightly regulated at both transcriptional and translational levels, as well as by NADH/NAD^+^ redox ratios and the substrate (pyruvate, NAD^+^ or CoA)‐level allosteric inhibitions, which limits high carbon flux to acetyl‐CoA. Eukaryotic yeast has evolved to solve the tight regulations through the natural compartmentations as mitochondrion, peroxisome and nucleus in a cell (Nielsen, [2014](#pbi13342-bib-0019){ref-type="ref"}). Thus, metabolic pathway engineering of a key node between pyruvate and acetyl‐CoA mimicking artificial compartmentation is required for construction of the efficient bio‐solar cell factories that require the high‐level acetyl‐CoA as a substrate (Luan and Lu, [2018](#pbi13342-bib-0018){ref-type="ref"}; Woo, [2017](#pbi13342-bib-0027){ref-type="ref"}). In this study, photosynthetic acetone production was used as a proof of principle for improving the acetyl‐CoA pool and converting CO~2~ to acetyl‐CoA‐derived biochemicals.

On the other hand, synthetic CO~2~ fixation pathways have been explored to improve carbon assimilation efficiency by designing thermodynamically and kinetically favourable malonyl‐CoA‐oxaloacetate‐glyoxylate (MOG) pathway (Bar‐Even *et al.*, [2010](#pbi13342-bib-0002){ref-type="ref"}), by reconstructing the crotonyl‐CoA/ethylmalonyl‐CoA/hydroxybutyryl‐CoA (CETCH) cycle *in vitro* (Schwander *et al.*, [2016](#pbi13342-bib-0022){ref-type="ref"}) and by analysing carbon‐conserving pathways with a computational model (Trudeau *et al.*, [2018](#pbi13342-bib-0025){ref-type="ref"}). Recently, besides the Calvin--Benson--Bassham (CBB) cycle or the potential CO~2~ fixation cycle, a synthetic malyl‐CoA‐glycerate (MCG) pathway has been proposed to improve carbon fixation in cyanobacteria, thereby increasing the acetyl‐CoA pools (Yu *et al.*, [2018](#pbi13342-bib-0030){ref-type="ref"}).

Herein, we introduce a synthetic acetate‐acetyl‐CoA/malonyl‐CoA (AAM) bypass to overcome a rate‐limiting step of PDC and thus increase the acetyl‐CoA pools for efficient CO~2~ conversions. The AAM‐bypass was designed to combine a synthetic acetate‐acetyl‐CoA (AA)‐bypass that generates acetyl‐CoA and NADPH from pyruvate, and an artificial PPS/PPC/MMC‐CO~2~‐fixing module (M‐module; PPS, phosphoenolpyruvate synthetase; PPC; phosphoenolpyruvate carboxylase; MMC, methyl malonyl‐CoA carboxyltransferase) that fixes CO~2~ through PPC and re‐arranges the carbons of pyruvate and malonyl‐CoA into oxaloacetate and acetyl‐CoA using MMC (Figure [1](#pbi13342-fig-0001){ref-type="fig"}).

![Metabolic rewiring of cyanobacterial central metabolism with a synthetic acetate‐acetyl‐CoA/malonyl‐CoA (AAM) bypass for improved photosynthetic production of acetone from CO~2~. (a) Metabolic rewiring of heterologous acetate biosynthesis and assimilation pathway (an acetate‐acetyl‐CoA \[AA\]‐bypass). M‐module is composed of PPS, PPC, and methyl malonyl‐CoA carboxyltransferase (MMC), acetyl‐CoA and CO~2~ are inputs and the output is malonyl‐CoA (shown in yellow). The synthetic AA‐bypass in the central metabolism of the PA~d~ (wild type with the heterologous *pdc* gene encoding for pyruvate decarboxylase and the *Ald6* gene \[A~d~\] encoding for acetate aldehyde dehydrogenase) and PA~d~A~s~ (PA~d~ with the *acs*\* encoding for acetyl‐CoA synthase^L641P^, \[A~s~\]) is shown in red. The native metabolism is shown in grey. (b) Metabolic rewiring of the pyruvate dehydrogenase bypass and acetone‐producing pathway. To demonstrate the potential of AA‐bypass in increasing the acetyl‐CoA pool, the synthetic acetone pathway was reconstructed as either a A~t~A~a~D pathway (A~t~, the *atoB* gene encoding for thiolase; A~a~, the *atoDA* encoding for acetoacetyl‐CoA transferase; D, the *adc* gene encoding for acetoacetate decarboxylase) or as a NA~a~D pathway (N, the *nphT7* gene encoding for thiolase/acetoacetyl‐CoA synthase; A~a~, the *atoDA* encoding for acetoacetyl‐CoA transferase; D, the *adc* gene encoding for acetoacetate decarboxylase, as shown in blue). In addition, a synthetic pyruvate dehydrogenase bypass \[an acetate‐acetyl‐CoA/malonyl‐CoA (AAM\] bypass) was designed to enhance the availability of acetyl‐CoA for the AAM‐bypass. An artificial CO~2~ fixation reaction (Syn6) catalysed by MMC encoded by the codon‐optimized *mmc* gene from *Propionibacterium freudenreichii* is shown in green. Abbreviations: G3P, glyceraldehyde‐3‐phosphate; Mal, malate; ME, malic enzyme; OXA, oxaloacetate; PDH, pyruvate dehydrogenase complex; PPC, phosphoenolpyruvate carboxylase; PPS, phosphoenolpyruvate synthetase. The details for the strain construction are provided in Table [1](#pbi13342-tbl-0001){ref-type="table"}.](PBI-18-1860-g001){#pbi13342-fig-0001}

Results and discussion {#pbi13342-sec-0002}
======================

Construction of the synthetic AA‐bypasses in engineered cyanobacteria {#pbi13342-sec-0003}
---------------------------------------------------------------------

A synthetic AA‐bypass was constructed to redirect the carbon flux towards acetyl‐CoA by secretion and assimilation of acetate (Figure [1](#pbi13342-fig-0001){ref-type="fig"}a). Synthetic genes encoding for pyruvate decarboxylase (ZmPdc) and aldehyde dehydrogenase (SeAld6) were integrated into the chromosome of wild‐type *Synechococcus elongatus* PCC 7942, as a model photosynthetic organism, yielding a strain SeHL010 (Table [1](#pbi13342-tbl-0001){ref-type="table"} and Figure [S1](#pbi13342-sup-0001){ref-type="supplementary-material"}) Due to the expression of NADP^+^‐specific SeAld6, the AA‐bypass can generate NADPH pool instead of NADH pool, via PDC. The synthetic *acs* ^L641P^ gene encoding for acetylation‐tolerant acetyl‐CoA synthetase (ACS) (Starai *et al.*, [2005](#pbi13342-bib-0024){ref-type="ref"}) was introduced in order to produce the acetyl‐CoA pool from acetate and ATP, yielding strain SeHL020. An inevitable consumption of ATP could drive altering metabolic flux for the AA‐bypass (Chwa *et al.*, [2016](#pbi13342-bib-0005){ref-type="ref"}; Lan and Liao, [2012](#pbi13342-bib-0014){ref-type="ref"}). Then, an M‐module was designed based on the computational MOG pathways (Bar‐Even *et al.*, [2010](#pbi13342-bib-0002){ref-type="ref"}) that employs PPC and MMC; this was to fix the additional CO~2~. In engineered *S. elongatus* PCC 7942, the three core reactions catalysed by PPS, PPC and MMC have an input of acetyl‐CoA and CO~2~ and an output of malonyl‐CoA. Thus, the most effective CO~2~‐fixing enzyme, PPC, may drive carbon flux of acetyl‐CoA to malonyl‐CoA via a C3‐C4 node of phosphoenolpyruvate (PEP) and oxaloacetate.

###### 

Bacteria strains and plasmids used in this study

+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| Strain or plasmid            | Relevant characteristics                                                                               | References                                                  |
+==============================+========================================================================================================+=============================================================+
| Strains                      |                                                                                                        |                                                             |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| *E. coli* HIT‐DH5α           | F^‐^(80d *lac*Z M15) (*lac*ZYA‐*arg*F) U169 *hsd*R17(r^--^ m^+^) *rec*A1 *end*A1 *rel*A1 *deo*R96      | RBC Bioscience                                              |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| *S. elongatus* PCC 7942      | Wild type (ATCC 33912)                                                                                 | ATCC                                                        |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeAAD                        | *S. elongatus* PCC 7942 NSI::Bb1s‐AAD, (AAD)                                                           | (Chwa *et al.*, [2016](#pbi13342-bib-0005){ref-type="ref"}) |
|                              |                                                                                                        |                                                             |
|                              | Spc^r^, LacI, P*~trc~*, NSI target sites, *atoB*, *atoDA*, *adc* gene                                  |                                                             |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeACD                        | *S. elongatus* PCC 7942 NSI::Bb1s‐ACD, (ACD)                                                           | (Chwa *et al.*, [2016](#pbi13342-bib-0005){ref-type="ref"}) |
|                              |                                                                                                        |                                                             |
|                              | Spc^r^, LacI, P*~trc~*, NSI target sites, *atoB*, *ctfAB*, *adc* gene                                  |                                                             |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeNAD                        | *S. elongatus* PCC 7942 NSI::Bb1s‐NAD, (NAD)                                                           | (Chwa *et al.*, [2016](#pbi13342-bib-0005){ref-type="ref"}) |
|                              |                                                                                                        |                                                             |
|                              | Spc^r^, LacI, P*~trc~*, NSI target sites, *nphT7*, *atoDA*, *adc* gene                                 |                                                             |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeNCD                        | *S. elongatus* PCC 7942 NSI::Bb1s‐NCD, (NCD)                                                           | (Chwa *et al.*, [2016](#pbi13342-bib-0005){ref-type="ref"}) |
|                              |                                                                                                        |                                                             |
|                              | Spc^r^, LacI, P*~trc~*, NSI target sites, *nphT7*, *ctfAB*, *adc* gene                                 |                                                             |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL010                      | *S. elongatus* PCC 7942 NSII::Bb1k‐pdc‐ald6, (PA~d~)                                                   | This study                                                  |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL020                      | *S. elongatus* PCC 7942 NSII::Bb1k‐pdc‐ald6‐acs(L641P), (PA~d~A~s~)                                    | This study                                                  |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL110                      | *S. elongatus* PCC 7942 NSI::Bb1s‐AAD NSII::Bb1k‐pdc‐ald6, (A~t~A~a~D‐PA~d~)                           | This study                                                  |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL210                      | *S. elongatus* PCC 7942 NSI::Bb1s‐ACD                                                                  | This study                                                  |
|                              |                                                                                                        |                                                             |
|                              | NSII::Bb1k‐pdc‐ald6, (A~t~CD‐PA~d~)                                                                    |                                                             |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL310                      | *S. elongatus* PCC 7942 NSI::Bb1s‐NAD NSII::Bb1k‐pdc‐ald6, (NA~a~D‐PA~d~)                              | This study                                                  |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL410                      | *S. elongatus* PCC 7942 NSI::Bb1s‐NCD NSII::Bb1k‐pdc‐ald6, (NCD‐PA~d~)                                 | This study                                                  |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL120                      | *S. elongatus* PCC 7942 NSI::Bb1s‐AAD NSII::Bb1k‐pdc‐ald6‐acs(L641P), (A~t~A~a~D‐ PA~d~A~s~)           | This study                                                  |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL320                      | *S. elongatus* PCC 7942 NSI::Bb1s‐NAD NSII::Bb1k‐pdc‐ald6‐acs(L641P), (NA~a~D‐ PA~d~A~s~)              | This study                                                  |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL111                      | *S. elongatus* PCC 7942 NSI::Bb1s‐AAD NSII::Bb1k‐pdc‐ald6 NSIII::Bb1c‐pps, (A~t~A~a~D‐ PA~d~‐Syn1)     | This study                                                  |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL112                      | *S. elongatus* PCC 7942 NSI::Bb1s‐AAD NSII::Bb1k‐pdc‐ald6 NSIII::Bb1c‐ppc, (A~t~A~a~D‐ PA~d~‐Syn2)     | This study                                                  |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL113                      | *S. elongatus* PCC 7942 NSI::Bb1s‐AAD NSII::Bb1k‐pdc‐ald6 NSIII::Bb1c‐mmc, (A~t~A~a~D‐PA~d~‐Syn6)      | This study                                                  |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL114                      | *S. elongatus* PCC 7942 NSI::Bb1s‐AAD NSII::Bb1k‐pdc‐ald6 NSIII::Bb1c‐ppc‐mmc, (A~t~A~a~D‐PA~d~‐Syn26) | This study                                                  |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL115                      | *S. elongatus* PCC 7942 NSI::Bb1s‐AAD NSII::Bb1k‐pdc‐ald6 NSIII::Bb1c‐pps‐ppc‐mmc,                     | This study                                                  |
|                              |                                                                                                        |                                                             |
|                              | (A~t~A~a~D‐PA~d~‐Syn126)                                                                               |                                                             |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL122                      | *S. elongatus* PCC 7942 NSI::Bb1s‐AAD NSII::Bb1k‐pdc‐ald6‐acs(L641P) NSIII::Bb1c‐ppc,                  | This study                                                  |
|                              |                                                                                                        |                                                             |
|                              | (A~t~A~a~D‐ PA~d~A~s~‐Syn2)                                                                            |                                                             |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL123                      | *S. elongatus* PCC 7942 NSI::Bb1s‐AAD NSII::Bb1k‐pdc‐ald6‐acs(L641P) NSIII::Bb1c‐mmc,                  | This study                                                  |
|                              |                                                                                                        |                                                             |
|                              | (A~t~A~a~D‐ PA~d~A~s~‐Syn6)                                                                            |                                                             |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL124                      | *S. elongatus* PCC 7942 NSI::Bb1s‐AAD NSII::Bb1k‐pdc‐ald6‐acs(L641P) NSIII::Bb1c‐ppc‐mmc               | This study                                                  |
|                              |                                                                                                        |                                                             |
|                              | (A~t~A~a~D‐ PA~d~A~s~‐Syn26)                                                                           |                                                             |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL312                      | *S. elongatus* PCC 7942 NSI::Bb1s‐NAD NSII::Bb1k‐pdc,ald6 NSIII::Bb1c‐ppc                              | This study                                                  |
|                              |                                                                                                        |                                                             |
|                              | (NA~a~D‐PA~d~‐Syn2)                                                                                    |                                                             |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL313                      | *S. elongatus* PCC 7942 NSI::Bb1s‐NAD NSII::Bb1k‐pdc,ald6 NSIII::Bb1c‐mmc                              | This study                                                  |
|                              |                                                                                                        |                                                             |
|                              | (NA~a~D‐PA~d~‐Syn6)                                                                                    |                                                             |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL314                      | *S. elongatus* PCC 7942 NSI::Bb1s‐NAD NSII::Bb1k‐pdc,ald6 NSIII::Bb1c‐ppc‐mmc                          | This study                                                  |
|                              |                                                                                                        |                                                             |
|                              | (NA~a~D‐PA~d~‐Syn26)                                                                                   |                                                             |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL322                      | *S. elongatus* PCC 7942 NSI::Bb1s‐NAD NSII::Bb1k‐pdc,ald6,acs(L641P) NSIII::Bb1c‐ppc                   | This study                                                  |
|                              |                                                                                                        |                                                             |
|                              | (NA~a~D‐ PA~d~A~s~‐Syn2)                                                                               |                                                             |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL323                      | *S. elongatus* PCC 7942 NSI::Bb1s‐NAD NSII::Bb1k‐pdc,ald6,acs(L641P) NSIII::Bb1c‐mmc                   | This study                                                  |
|                              |                                                                                                        |                                                             |
|                              | (NA~a~D‐ PA~d~A~s~‐Syn6)                                                                               |                                                             |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| SeHL324                      | *S. elongatus* PCC 7942 NSI::Bb1s‐NAD NSII::Bb1k‐pdc,ald6,acs(L641P) NSIII::Bb1c‐ppc‐mmc               | This study                                                  |
|                              |                                                                                                        |                                                             |
|                              | (NA~a~D‐ PA~d~A~s~‐Syn26)                                                                              |                                                             |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| Plasmid                      |                                                                                                        |                                                             |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| pSe2Bb1k‐GFP                 | pUC, Km^r^, LacI, P*~trc~*, *gfp*, NSII target site, SyneBrick Vector                                  | (Kim *et al.*, [2017](#pbi13342-bib-0011){ref-type="ref"})  |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| pSe3Bb1c‐GFP                 | pUC, Cm^r^, LacI, P*~trc~*, *gfp*, NSIII target site, SyneBrick Vector                                 | (Kim *et al.*, [2017](#pbi13342-bib-0011){ref-type="ref"})  |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| pSe2Bb1k‐pdc‐ald6            | pUC, Km^r^, LacI, P*~trc~*, NSII target sites, *pdc, ald6* gene                                        | This study                                                  |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| pSe2Bb1k‐pdc‐ald6‐acs(L641P) | pUC, Km^r^, LacI, P*~trc~*, NSII target sites, *pdc, ald6, acs(L641P)* gene                            | This study                                                  |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| pSe3Bb1c‐pps                 | pUC, Cm^r^, LacI, P*~trc~*, NSIII target site, *pps* gene                                              | This study                                                  |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| pSe3Bb1c‐ppc                 | pUC, Cm^r^, LacI, P*~trc~*, NSIII target site, *ppc* gene                                              | This study                                                  |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| pSe3Bb1c‐mmc                 | pUC, Cm^r^, LacI, P*~trc~*, NSIII target site, *mmc* gene                                              | This study                                                  |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| pSe3Bb1c‐ppc‐mmc             | pUC, Cm^r^, LacI, P*~trc~*, NSIII target site, *ppc, mmc* gene                                         | This study                                                  |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+
| pSe3Bb1c‐pps‐ppc‐mmc         | pUC, Cm^r^, LacI, P*~trc~*, NSIII target site, *pps, ppc, mmc* gene                                    | This study                                                  |
+------------------------------+--------------------------------------------------------------------------------------------------------+-------------------------------------------------------------+

The number and digit in the name of strains represent different metabolic pathways for metabolic engineering and the integrational sites, respectively.
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Increased acetate and acetone production with a synthetic AA‐bypass {#pbi13342-sec-0004}
-------------------------------------------------------------------

To demonstrate the AAM‐bypass for an increased acetyl‐CoA or malonyl‐CoA pools, two different synthetic acetone production pathways (A~t~A~a~D and NA~a~D) were applied to produce photosynthetic acetone from CO~2~ (Chwa *et al.*, [2016](#pbi13342-bib-0005){ref-type="ref"}) (Figure [1](#pbi13342-fig-0001){ref-type="fig"}b): (i) the A~t~A~a~D pathway that converts 2 moles of acetyl‐CoA to 1 mole each of acetone and CO~2~ via acetoacetyl‐CoA and acetoacetate, and (ii) the NA~a~D pathway that converts 1 mole each of malonyl‐CoA and acetyl‐CoA to 1 mole of acetone and 2 moles of CO~2~ via acetoacetyl‐CoA and acetoacetate. Since strain SeAAD has failed in acetone production, and strain SeNAD has produced only 9.9 mg/L acetone with a synthetic phosphoketolase reaction, which cleaves xylulose‐5‐phosphate to glycerol‐3‐phosphate and acetyl phosphate by improving the acetyl‐CoA pools from acetyl phosphate (Chwa *et al.*, [2016](#pbi13342-bib-0005){ref-type="ref"}), we focused on engineering cyanobacteria belonging to the low‐level acetone‐producing strains (SeAAD and SeNAD) by introducing the synthetic AAM‐bypass.

As a result, 20 acetone‐producing strains were constructed by a combination of the synthetic target genes (Table [1](#pbi13342-tbl-0001){ref-type="table"} and Figure [2](#pbi13342-fig-0002){ref-type="fig"}a). Photosynthetic acetone and acetate were evaluated for these engineered strains (Figure [3](#pbi13342-fig-0003){ref-type="fig"}). The AA‐bypass with the heterologous PDC and Ald6 expressions in strain SeHL010 solely allowed for the production of 681 mg/L acetate (Figure [3](#pbi13342-fig-0003){ref-type="fig"}a); this is was first report of its kind. The acetate titre was comparable to ethanol production titre (750 mg/L) from Syn‐ZG25 (Gao *et al.*, [2012](#pbi13342-bib-0007){ref-type="ref"}) (ZmPDC expression with a single gene copy) under 5% CO~2~ and 95% air condition because both acetate and ethanol are produced from the intracellular pyruvate pools in cyanobacteria. Subsequently, the A~t~A~a~D pathway was inserted, yielding strain SeHL110. A substantial increase in acetone production viz. 252.2 mg/L was measured in strain SeHL110. It is to be noted that the parental strain (SeAAD) was unable to produce any acetone and that the engineered strain produced 18‐fold higher acetone than that was previously reported for the strain SeNAD‐XP (Chwa *et al.*, [2016](#pbi13342-bib-0005){ref-type="ref"}). Compared to the strain SeHL010, acetate production was a 0.6‐fold lower in strain SeHL110 (384.8 mg/L acetate), and the most amount of acetate assimilated in strain SeHL110 was converted to acetone due to the 50% molar conversion yield from acetate (or acetyl‐CoA) to acetone (Figure [3](#pbi13342-fig-0003){ref-type="fig"}a and Figure [S2](#pbi13342-sup-0001){ref-type="supplementary-material"}).

![Construction and photosynthetic cultures of engineered cyanobacterial strains with synthetic AAM‐bypasses. (a) Scheme of heterologous gene integration into *S. elongatus PCC* 7942. The neutral site I (NSI) was used for the synthetic acetone pathway. The neutral site II (NSII) was used for the pyruvate bypass. The neutral site III was used for the carbon rearrangement pathway. The details of recombinant strains were shown in Table [1](#pbi13342-tbl-0001){ref-type="table"}. (b) Schematic diagram of the cyanobacterial culture bottle with CO~2~ bubbling and a gas‐stripping‐based recovery system: Mixed gas of 5% (v/v) CO~2~ and 95% (v/v) air was continuously provided at 10 mL/min (0.1 vvm) into a culture bottle and the off‐gas was diverted to two collection bottles (2 x 100 mL).](PBI-18-1860-g002){#pbi13342-fig-0002}

![Photosynthetic acetone and acetate production from CO~2~ via either the AA‐bypass or the AAM‐bypass in engineered cyanobacteria. Metabolic rewiring of the bypasses to either a synthetic A~t~A~a~D acetone pathway (a) or a synthetic NA~a~D acetone pathway (b). Production of acetone (blue bar) and acetate (red bar) is shown for each engineered strain. The details for the strain construction are given in the ESI. Synthetic genes for the acetone pathway, the AA‐bypass or the M‐modules were integrated at NSI, NSII or NSIII, respectively (+, integrated; --, not integrated). Engineered cyanobacterial strains (Table [1](#pbi13342-tbl-0001){ref-type="table"}) were cultivated in 5% (v/v) CO~2~ and 95% (v/v) air blown continuously at 10 mL/min (0.1 vvm) into a culture bottle and the off‐gas was diverted to two collection bottles (2 × 100 mL). The data are reported as mean ± SD from triplicates.](PBI-18-1860-g003){#pbi13342-fig-0003}

In order to improve the acetyl‐CoA pools in cyanobacteria further, SeHL020 with the acetate‐tolerant ACS expression produced 601 mg/L acetate. Subsequently, strain SeHL120 (strain SeHL020 with the A~t~A~a~D pathway) was constructed and cultivated for acetone production, resulting in 378.1 mg/L of acetone (1.5‐fold higher than that observed for strain SeHL110) and 19.9 mg/L of acetate. Compared to the acetyl phosphate‐derived isopropanol producing *S. elongatus* PCC 7942 (294.5 mg/L isopropanol; 594.5 m/L acetate) (Hirokawa *et al.*, [2019](#pbi13342-bib-0010){ref-type="ref"}), strain SeHL120 produced more acetyl‐CoA‐derived product and less by‐product acetate. The significant consumption of the secreted acetate was exclusively used for the increased acetone production. In heterotrophic *E. coli* and *S. cerevisiae*, overexpression of the ACS has also proven to be a successful pathway for redirection of carbon fluxes to the acetyl‐CoA via acetate (Krivoruchko *et al.*, [2015](#pbi13342-bib-0012){ref-type="ref"}). Recently, modular engineering of *Synechocystis* PCC 6803 has showed that metabolic rewiring of the acetate metabolism and the phosphoketolase pathway increased 1‐butanol production via acetyl phosphate (Liu *et al.*, [2019](#pbi13342-bib-0017){ref-type="ref"}). Similarly, isopropanol production was also enhanced in *S. elongatus* PCC 7942 by overexpressing the pyruvate dehydrogenase complex and utilizing the acetyl phosphate and acetate metabolism (Hirokawa *et al.*, [2019](#pbi13342-bib-0010){ref-type="ref"}). However, the AA‐bypass in this work utilized acetyl phosphate‐independent pathway to increase acetyl‐CoA. So, the pathway did not require additional metabolic rewiring of inorganic phosphate and ATP for acetone production. Thus, the AA‐bypass with co‐expression of ZmPdc and aldehyde SeAld6 was effective in driving the carbon flux to acetyl‐CoA pools via acetate assimilation.

Increased fitness and acetone production with a synthetic AAM‐bypass {#pbi13342-sec-0005}
--------------------------------------------------------------------

Both a malonyl‐CoA‐oxaloacetate‐glyoxylate (MOG) pathway (Bar‐Even *et al.*, [2010](#pbi13342-bib-0002){ref-type="ref"}) and a synthetic malyl‐CoA‐glycerate (MCG) pathway (Yu *et al.*, [2018](#pbi13342-bib-0030){ref-type="ref"}) have been utilized an activity of phosphoenolpyruvate carboxylase for efficient CO~2~ fixation. Thus, we also designed an artificial PPS/PPC/MMC‐CO~2~‐fixing module (M‐module) that convert of acetyl‐CoA and CO~2~ to malonyl‐CoA in a net reaction (Figure [1](#pbi13342-fig-0001){ref-type="fig"}a). First, the M‐modules were inserted in either SeHL110 or SeHL120 to test whether an artificial CO~2~ fixation is advantageous for either the increased biomass or the acetone production. Three synthetic genes encoding for PPC, MMC and PPS were integrated, yielding SeHL115 (Figure [2](#pbi13342-fig-0002){ref-type="fig"}a and Figure [S2](#pbi13342-sup-0001){ref-type="supplementary-material"}). However, SeHL115 exhibited severe growth defects, showing yellowish culture broth (Figure [S3](#pbi13342-sup-0001){ref-type="supplementary-material"}) and produced only 110.9 mg/L of acetone. Neither acetone nor acetate production were improved with the M‐module cycle. Then, we examined the specific overexpressed enzyme that may cause the negative effects in the M‐module. Each enzyme for the three synthetic reactions (namely PPC, MMC and PPS) was expressed separately, yielding strain SeHL111, strain SeHL112, strain SeHL113, respectively. Compared to it of strain SeHL115, strain SeHL112 and strain SeHL113 showed little increase in acetone production at 240 and 304.6 mg/L, respectively. However, strain SeHL111 showed only yellowish culture broth and significantly low levels of acetone production at 31.4 mg/L. Overexpressed PPS could compete with PDC for the same pyruvate pools, so that the sum of acetate and acetone production was significantly lowered in both strain SeHL111 and strain SeHL115, as compared with strain SeHL110. Thus, the synthetic PPS expression was detrimental for the growth in *S. elongatus* PCC 7942 with the M‐module.

In addition, the M‐module was investigated within strain SeHL122, strain SeHL123 and strain SeHL124, which were constructed from strain SeHL120, in which the heterologous ACS expression led the assimilation of acetate and higher acetone production. Overexpression of PPC lowered the acetate productions over time in strain SeHL112 and strain SeHL122. This could be because enforced activity of the PPC lowers the pyruvate pools from PEP.

Interestingly, overexpression of a single copy of MMC within the AA‐bypass successfully increased acetone production in strain SeHL113 (304.6 mg/L) and strain SeHL123 (411 mg/L), as compared to that observed for strain SeHL110 (252.2 mg/L) and strain SeHL120 (378.1 mg/L) (Figure [3](#pbi13342-fig-0003){ref-type="fig"}a and Figure [S4](#pbi13342-sup-0001){ref-type="supplementary-material"}). Since the *K* ~m~ value of MMC for acetyl‐CoA (0.5 m[m]{.smallcaps}) is higher than that for malonyl‐CoA (0.035 m[m]{.smallcaps}), (Wood, [1972](#pbi13342-bib-0028){ref-type="ref"}) MMC in strain SeHL113 and strain SeHL123 could transfer the carboxyl group from malonyl‐CoA to pyruvate and produce acetyl‐CoA and oxaloacetate in *S. elongatus* PCC 7942. Additionally, the growth rate of strain SeHL123 was enhanced, compared to that of the strain SeHL120. Thus, the simultaneous introduction of both the AA‐bypass and the MMC reaction (so‐called AAM‐bypass) led to higher acetone production with increased acetyl‐CoA pools and the fitness for cell growth.

In parallel, it was evaluated whether the AAM‐bypass was beneficial for increasing the malonyl‐CoA pools by employing the NA~a~D pathway. To achieve this, the AA‐bypass was inserted into the strain SeNAD, yielding strain SeHL310 and strain SeHL320. About 482.8 mg/L of acetate and 128.4 mg/L of acetone were produced in strain SeHL310 (Figure [3](#pbi13342-fig-0003){ref-type="fig"}b and Figure [S5](#pbi13342-sup-0001){ref-type="supplementary-material"}). Although a 13‐fold increase in the acetone production was observed in strain SeHL310 as compared to the parental strain (strain SeNAD), it did not produce more acetone than either strain SeHL110 or strain SeHL120. Strain SeHL320 showed lower acetone production (23.3 mg/L) and higher acetate production (615.8 mg/L) as compared to that observed in SeHL310 (Figure [3](#pbi13342-fig-0003){ref-type="fig"}b and Figure [S6](#pbi13342-sup-0001){ref-type="supplementary-material"}). The introduction of the ACS in the AA‐bypass showed opposite effects on A~t~A~a~D or the NA~a~D pathways. The difference was in the starting substrate for acetone production as the NA~a~D pathway requires both acetyl‐CoA and malonyl‐CoA, whereas the A~t~A~a~D pathway requires only acetyl‐CoA. Since the AAM‐bypass did not significantly improve the malonyl‐CoA pool, it can be concluded that the AA‐bypass and AAM‐bypass directly increased the acetyl‐CoA pools and the fitness for cell growth and acetone production (SeHL123).

Increased intracellular acetyl‐CoA levels with the synthetic AAM‐bypasses {#pbi13342-sec-0006}
-------------------------------------------------------------------------

To investigate the changes in the intracellular metabolites pool with the introduction of the AAM‐bypass, intracellular acetyl‐CoA and pyruvate pools were enzymatically measured (Table [2](#pbi13342-tbl-0002){ref-type="table"}). Engineered strain SeHL020, strain SeHL120 and strain SeHL123 along with the wild‐type strain as control were tested; this is because the AAM‐bypass engineered strains showed significant amount of specific acetate or acetone productions from CO~2~, separately (Figure [3](#pbi13342-fig-0003){ref-type="fig"}). As a result, the lower acetyl‐CoA levels were measured in both strain SeHL120 and strain SeHL123 than in SeHL020. It could be due to induced expressions of acetone pathway the acetyl‐CoA pool could be influenced temporarily in 2 days. However, the acetyl‐CoA pools in the acetate producer, strain SeHL020, were increased over the duration of the culture. Moreover, the acetone producers (strain SeHL120 and strain SeHL123) showed a significant increase of the acetyl‐CoA pool at the production stages (Figure [4](#pbi13342-fig-0004){ref-type="fig"}). As the part of the AAM‐bypass, overexpression of MMC increased the acetyl‐CoA and pyruvate pools to even higher levels, and the growth rate in strain SeHL123 was increased, as compared to the strain harbouring only the AA‐bypass (strain SeHL120). In the wild‐type strain, the pyruvate pool size was larger than that of acetyl‐CoA pool. Interestingly, a ratio of the pyruvate pool to the acetyl‐CoA pool in the engineered strains (\<12.5 μg/μg) was significantly lower than that observed in the wild type (49 μg/μg). This result was consistent to the increased production of either acetate or acetone. In addition, the pyruvate pools were positively increased in the engineered strains as compared to the wild type even though the strains (SEHL120 and SEHL123) produced acetone. Thus, the AAM‐bypass was indeed advantageous in increasing the acetyl‐CoA pools for acetone production and the cell growth in *S. elongatus* PCC 7942.

###### 

Measurement of the intracellular metabolites in engineered cyanobacteria

  Strain (2 days)   Acetyl‐CoA (µg/gDCW)   Pyruvate (mg/gDCW)
  ----------------- ---------------------- --------------------
  Wild type         35.060 ± 1.913         0.397 ± 0.001
  SeHL020           138.112 ± 6.157        0.920 ± 0.007
  SeHL120           4.955 ± 0.085          0.389 ± 0.006
  SeHL123           101.06 ± 8.460         0.471 ± 0.007

  Strain (8 days)   Acetyl‐CoA (µg/gDCW)   Pyruvate (mg/g DCW)
  ----------------- ---------------------- ---------------------
  Wild type         17.306 ± 6.979         0.833 ± 0.005
  SeHL020           117.429 ± 19.371       1.701 ± 0.009
  SeHL120           129.150 ± 25.006       1.094 ± 0.006
  SeHL123           165.049 ± 0.060        2.078 ± 0.006

For measurement of intracellular acetyl‐coA and pyruvate, cyanobacterial culture was prepared as described in the Figures [S1](#pbi13342-sup-0001){ref-type="supplementary-material"}‐[S6](#pbi13342-sup-0001){ref-type="supplementary-material"}. All data are mean ± *SD* from triplicate cultures.

gDCW, Gram dry cell weight.
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![Metabolite analysis of acetyl‐CoA, pyruvate, acetate and acetone in engineered cyanobacteria with the AAM‐bypass. The selected metabolites were measured in wild type, SeHL020, SeHL120 and SeHL123 at 2 days and 8 days of intervals after the initial inoculations. Relative values for the metabolite pools are shown for intracellular pyruvate (blue circle), intracellular acetyl‐CoA (red circle), specific acetate production titre (yellow square) and for specific acetone production titre (green square). The pools of intracellular acetyl‐CoA and pyruvate were normalized to the values obtained for the wild‐type strain on either day 2 or day 8 after inoculation. The specific production titres for acetate and acetone were re‐calculated as a percentile of the maximum production values in SeHL020 and SeHL120, respectively. The absolute values for the metabolite pools are given in Table [2](#pbi13342-tbl-0002){ref-type="table"}. Symbol size of each metabolite was determined with respect to the relative values.](PBI-18-1860-g004){#pbi13342-fig-0004}

In summary, we have demonstrated how a synthetic AAM‐bypass can be rewired to the central metabolism involving the pyruvate dehydrogenase complex, which catalyses a key rate‐limiting step, to increase the acetyl‐CoA‐derived acetone production from CO~2~ in cyanobacteria. Under oxygenic photosynthesis, acetate can be produced and be assimilated via the AA‐bypass and used for acetone biosynthesis. Simultaneously, driving a synthetic carbon flux of pyruvate to oxaloacetate via the MMC could help to improve cellular fitness in light, while acetyl‐CoA was depleted for acetone production (Broddrick *et al.*, [2019](#pbi13342-bib-0003){ref-type="ref"}). Photosynthetic acetone productivity of the synthetic strain, as observed in this study (707 μ[m]{.smallcaps}/day of molar productivity and 2.1 m[m]{.smallcaps}/day of carbon molar productivity), is comparable to photosynthetic butanol and ketoisocaproate production, wherein acetyl‐coA is a crucial precursor for the synthesis: butanol productivity (Liu *et al.*, [2019](#pbi13342-bib-0017){ref-type="ref"}) via modular pathway engineering (2312 μ[m]{.smallcaps}/day of molar productivity and 9.2 mm/day of carbon molar productivity); ketoisocaproate productivity (Yu *et al.*, [2018](#pbi13342-bib-0030){ref-type="ref"}) via synthetic malyl‐CoA‐glycerate pathway (554.5 μ[m]{.smallcaps}/day of molar productivity and 3.3 m[m]{.smallcaps}/day of carbon molar productivity). To enhance the CO~2~ conversion rate, the artificial CO~2~‐fixing CETCH cycle (Schwander *et al.*, [2016](#pbi13342-bib-0022){ref-type="ref"}), photorespiration bypasses (Trudeau *et al.*, [2018](#pbi13342-bib-0025){ref-type="ref"}) and the MCG (Yu *et al.*, [2018](#pbi13342-bib-0030){ref-type="ref"}) via malyl‐CoA pathway could be reasonably coupled to the AAM‐bypass. Thus, the successful development of the cyanobacterial strains with the optimized AAM‐bypass and target specific‐pathway engineering, combined with bioprocessing, will accelerate the development of bio‐solar cell factories for the direct conversion of CO~2~ to acetyl‐CoA‐derived biochemicals including n‐butanol, 3‐hydroxybutyrate and terpenes (Luan and Lu, [2018](#pbi13342-bib-0018){ref-type="ref"}; Woo, [2017](#pbi13342-bib-0027){ref-type="ref"}).

Experimental procedures {#pbi13342-sec-0007}
=======================

Strains and growth conditions {#pbi13342-sec-0008}
-----------------------------

All bacterial strains and plasmids used in this work are listed in Table [1](#pbi13342-tbl-0001){ref-type="table"}. For cloning, *Escherichia coli* strains were grown in lysogeny broth medium (containing per litre: 10 g tryptone, 5 g yeast extract and 10 g NaCl) at 37 °C; when appropriate, the medium was supplemented with 30 μg/mL chloramphenicol, 50 μg/mL kanamycin and 100 μg/mL spectinomycin. *S. elongatus* PCC 7942 was purchased from the ATCC 33912 and used as the production host for acetone from 5% (v/v) CO~2~ feeding. The strains SeAAD and NAD were used as acetone‐producing parental strains, expressing the codon‐optimized *atoB* and *atoDA* genes from the *E. coli*, the codon‐optimized *adc* gene from *Clostridium acetobutyricum* and the codon‐optimized *nphT7* gene from *Streptomyces* sp. *CL190* (Chwa *et al.*, [2016](#pbi13342-bib-0005){ref-type="ref"}).

Construction of plasmids {#pbi13342-sec-0009}
------------------------

Target gene for constructing the synthetic pathways was cloned into the neutral site I (NSI), II (NSII) or III (NSIII) targeting vectors (SyneBrick vectors) (Kim *et al.*, [2017](#pbi13342-bib-0011){ref-type="ref"}) as a synthetic platform for gene expression in *S. elongatus* PCC 7942. The SyneBrick vectors follow strategy of the BglBrick cloning method to clone target genes into the vectors at the BglBrick restriction enzymes site (*Eco*RI, *Bgl*II, *Bam*HI, and *Xho*I). To construct the synthetic pathways to rewire the central metabolism, the *pdc* gene (*Zymomonas mobilis*), the *ald6* gene (*Saccharomyces cerevisiae*), the *acs* gene with a mutation (L641P) (*Salmonella typhimurium*), the *pps* (*Escherichia coli)* and *ppc* (*E. coli*), and the *mmc* (*Propionibacterium freudenreichii*) gene were codon‐optimized using Gene Designer 2.0 software (DNA2.0, Menlo Park, CA) and synthesized (Genscript Inc., Piscataway, NJ) for efficient heterologous expression in *S. elongatus* PCC7942. Each target gene was cloned into SyneBrick vectors (targeting at NSII) to construct pSe2Bb1k‐pdc‐ald6 and pSe2Bb1k‐pdc‐ald6‐acs(L641P). For the carbon rearrangement, an artificial CO~2~ fixation pathway (Bar‐Even *et al.*, [2010](#pbi13342-bib-0002){ref-type="ref"}) was used, and the *pps*, *ppc* or *mmc* genes were cloned into SyneBrick vector (targeting at NSIII), yielding pSe3Bb1c‐pps, pSe3Bb1c‐ppc, pSe3Bb1c‐mmc, pSe3Bb1c‐ppc‐mmc and pSe3Bb1c‐pps‐ppc‐mmc (Table [1](#pbi13342-tbl-0001){ref-type="table"}).

Transformation of *S. elongatus* PCC 7942 {#pbi13342-sec-0010}
-----------------------------------------

Transformation of *S. elongatus* PCC 7942 was performed as described previously (Chwa *et al.*, [2016](#pbi13342-bib-0005){ref-type="ref"}; Golden *et al.*, [1987](#pbi13342-bib-0009){ref-type="ref"}). The SyneBrick vectors were transferred for chromosomal integration. Recombinant strains were obtained after transferring colonies to fresh selective plates in order to prevent from chromosome segregation. The strains were confirmed by PCR to verify integration of targets into the chromosome (Figure [2](#pbi13342-fig-0002){ref-type="fig"}a), and the DNA sequences were also correctly verified by Sanger sequencing using a pair of Se1‐fw (5′‐AAG CGC TCC GCA TGG ATC TG‐3′) and Se1‐rv (5′‐CAA GGC AGC TTG GAA GGG CG‐3′) for the NSI and a pair of Se2‐fw (5′‐GGC TAC GGT TCG TAA TGC CA‐3′) and Se2‐rv (5′‐GAG ATC AGG GCT GTA CTT AC‐3′) for the NSII and a pair of Se3‐fw (5′‐CAC ACC CTC AGA GAC AAG CC‐3′) and Se3‐rv (5′‐CAC ACC CTC AGA GAC AAG CC‐3′) for the NSIII.

Cyanobacterial culture for acetone production {#pbi13342-sec-0011}
---------------------------------------------

*Synechococcus elongatus* PCC 7942 and its derivatives (Table [1](#pbi13342-tbl-0001){ref-type="table"}) were cultivated at 30 °C in the 100 mL culture (Duran bottle with a three‐ports cap) under continuous fluorescent light (100 µE^/^m/s) measured by LightScout Quantum Meter (3415FXSE, Spectrum, Aurora, IL) in BG‐11 medium supplanted with 10 m[m]{.smallcaps} MOPS. Mixed gas of 5% (v/v) CO~2~ and 95% (v/v) air (monitored by on‐line gas analyser) was supplied at constant flow rate of 10 mL/min into the medium (Figure [2](#pbi13342-fig-0002){ref-type="fig"}b). About 10 μg/mL spectinomycin, 10 μg/mL kanamycin or 3 μg/mL chloramphenicol was supplemented for the selection pressure. For an induction of the target gene expression, 1 m[m]{.smallcaps} IPTG was supplemented into the culture medium at 24 h after inoculation.

Quantification of acetone and acetate {#pbi13342-sec-0012}
-------------------------------------

About 1 mL of cyanobacterial cell supernatant or sample from collection bottle was filtered with syringe filter (pore size of 0.45 μm) after centrifugation at 10 000 *g* for 10 min. The concentrations of acetone and acetate were determined by high‐performance liquid chromatography (HPLC system Agilent 1260; Agilent Technologies, Santa Clara, CA) equipped with a refractive index detector (RID) and a Hi‐Plex H, 7.7 × 300 mm column (Agilent Technologies) under the following conditions: sample volume of 20 μL, mobile phase of 5 m[m]{.smallcaps} H~2~SO~4~, flow rate of 0.6 mL/min and column temperature of 65 °C.

Measurement intracellular acetyl‐CoA and pyruvate level in cyanobacteria {#pbi13342-sec-0013}
------------------------------------------------------------------------

For measurement of intracellular acetyl‐coA and pyruvate, cyanobacterial culture was prepared as described above. Cyanobacterial cell pellet normalized to the optical density of 1 was lysed with 0.1‐mm‐diameter glass beads. The intracellular acetyl‐CoA and pyruvate levels were determined by Acetyl‐CoA Assay Kit (No. ab87546) and Pyruvate Assay Kit (No. ab83432), respectively (Abcam, Cambridge, UK). The procedures were followed by the manufacturer\'s manual. Briefly, for the acetyl‐CoA measurement, free CoA is quenched and then acetyl‐CoA is enzymatically converted to CoA at 37 °C for 10 min. The CoA is reacted with a specific probe to form NADH, generating fluorescence (Ex/Em = 535/587). For the pyruvate measurement, pyruvate is oxidized by pyruvate oxidase with a specific probe at 37 °C for 30 min to generate fluorescence (Ex/Em = 535/587).
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**Figure S1** Metabolic rewiring of cyanobacterial central metabolism with the synthetic acetate‐acetyl‐CoA (AA) bypass in engineered cyanobacteria of strain SeHL010 (PAd) and SeHL020 (PAdAs) for improved photosynthetic production of acetate from CO~2~.

**Figure S2** Metabolic rewiring of cyanobacterial central metabolism with the AA‐bypass, the synthetic acetone pathway (AtAaD) and the M‐modules in engineered cyanobacteria without an expression of acetyl‐CoA synthase for improved photosynthetic production of acetone from CO~2~.

**Figure S3** Images of the cyanobacterial cultures of the engineered strains with the AA‐bypass and the M‐modules.

**Figure S4** Metabolic rewiring of cyanobacterial central metabolism with the AA‐bypass, the synthetic acetone pathway (AtAaD) and the M‐modules in engineered cyanobacteria with an expression of acetyl‐CoA synthase for improved photosynthetic production of acetone from CO~2~.

**Figure S5** Metabolic rewiring of cyanobacterial central metabolism with the AA‐bypass, the modified synthetic acetone pathway (NAaD) and the M‐modules in engineered cyanobacteria without an expression of acetyl‐CoA synthase for improved photosynthetic production of acetone from CO~2~.

**Figure S6**Metabolic rewiring of cyanobacterial central metabolism with the AA‐bypass, the modified synthetic acetone pathway (NAaD) and the M‐modules in engineered cyanobacteria with an expression of acetyl‐CoA synthase for improved photosynthetic production of acetone from CO~2~.
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